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Although discussions of structural phase transitions in prototypical ferroelectric systems with the
perovskite structure, such as BaTiO3 and PbTiO3, started almost seventy years ago, an atomic-level
description of the polar characteristics as a function of temperature, pressure, and composition remains
topical. Here we provide a novel quantitative description of the temperature-driven local structural
correlations in PbTiO3 via the development of characteristic relative cationic shifts. The results give new
insights into the phase transition beyond those reliant on the long-range order. The ferroelectric-to-
paraelectric transition of PbTiO3 is realized by the extent of a stochastic polarization instability driven by a
progressive misalignment instead of a complete disappearance of the local dipoles, which further suggests
that such polarization instability is chemically induced at the morphotropic phase boundary of PbTiO3-
based solid solutions with giant piezoelectric effect. As such, our results not only identify the evolving
atomistic disorder in a perovskite-based ferroelectric system, but also suggest that polarization instability
can serve as a generic fingerprint for phase transitions as well as for better understanding structure-property
relationships in PbTiO3-based ferroelectric solid solutions.
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Materials based on PbTiO3 (PT) are widely used in
modern electronic devices ranging from nonvolatile memo-
ries to sensors in aeronautical applications, for which the
global market is projected to reach more than 50 billion
dollars by 2020 [1]. This is driven by the unparalleled
electromechanical properties of PT and its remarkable
adaptability to a wide range of chemical doping [2,3].
Moreover, PT has been a prototype throughout the develop-
ment of phenomenological theories for phase transitions
in perovskite-type ferroelectric materials [4–9]. Generally
speaking, the success of Landau-type theory and soft-mode
concept of phase transitions is supported by the classic
behavior of PT, where a nonpolar cubic structure stabilizes a
polar tetragonal structure on cooling through ionic displace-
ments with an almost perfect “polarizability catastrophe”
phenomenon around the Curie temperature (TC) of 763 K.
However, it is also accepted that the exclusive classi-

fication of this phase transition of PT as first-order
displacive is not fully correct because the local correlations
show substantial order-disorder manifestations [10–14].
The seminal work by Sicron et al. [12] described the local
structural deviations above TC using x-ray absorption fine
structure (XAFS) spectra revealing that the local and the
average structures of PT do not conform to each other well.
Since then there has been a number of reports employing
different experimental techniques, such as Raman scatter-
ing [15], inelastic neutron scattering [16], x-ray single
crystal diffraction [10,17–19], as well as XAFS, trying
to elucidate the atomic-scale behavior as a function of
temperature. Surprisingly though, there is still no precise

description of the sequential development of the atomic
arrangement of Pb and Ti through the phase transition. In
other words, the overall analytical concepts of the phase
transitions may be explicit, but the corresponding physical
manifestations remain unclear, with ambiguities such as,
how the local structural polarity develops with temperature
and to what extent order-disorder processes are coherent
with the observed global symmetry changes. These are
undoubtedly crucial, not just for improving fundamental
understanding of a ferroic phase transition, but more so to
derive robust structure-property connections for PT-based
solid solutions particularly with composition-driven mor-
photropic phase boundaries (MPBs), such as PbZr0.5Ti0.5O3,
xBiScO3-ð1-xÞPbTiO3, and xBiMg0.5Ti0.5O3-ð1-xÞPbTiO3,
for which the origin of anomalous physical properties at
MPBs are linked to the local structures [20–24].
We present plausible atomistic models of PT as a function

of temperature, refined against atomic pair distribution
functions (PDFs) obtained from neutron total scattering
experiments. We describe the temperature-induced phase
transition of PT in terms of intrinsic disorder characterized
by relative ionic displacements. It is revealed that the
appearance of the paraelectric phase above TC can be
generically described as the development of a stochastic
polarization instability driven by the random order of the
local dipoles with reduced correlation lengths. Broadly
speaking, beyond their ability to chart the progress of the
ferroelectric phase transition in PT, the models can poten-
tially guide us in fingerprinting PT from other analogous
systems like BaTiO3 [25,26] and further help to reconcile the
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analytical concepts of temperature- and composition-driven
phase transitions reported in PTand PT-containing materials.
Neutron total scattering measurements at four different

temperatures 300, 500, 700, and 900 K were carried out
at ISIS facility in the United Kingdom on the General
Materials (GEM) diffractometer [27] using commercially
available PT powder (Sigma Aldrich, 99.99%). Data
reduction was carried out using the GUDRUN package.

Atomistic model refinements against the experimental
PDFs, total scattering functions FðQÞ, and Bragg diffrac-
tion pattern used RMCPROFILE software implementation
of the reverse Monte Carlo (RMC) technique [28,29]. The
RMC configurations consisted of 13 270 atoms in a 14 ×
14 × 14 supercell of the conventional tetragonal or cubic unit
cells obtained from the Rietveld refinement of the respective
powder pattern. Each RMC iteration was run to generate on
average 5000 accepted moves per atom. The refined models
were then analyzed using the DISCUS software [30]. At each
temperature, there were 40 independent runs to obtain good
statistics in the structural parameters. Some additional details
on the present analysis are included in the Supplemental
Material [31].
PDFs are weighted histograms of all possible atom-atom

distances in a given system, and therefore, provide a unique
opportunity to investigate the local environments of differ-
ent atoms [32,38]. Here we have followed the progress of
the relative displacements (δr⃗) of each cation as a function
of temperature by analyzing their oxygen cages, where in
the ideal perovskite structure Pb is at the center of a
cuboctahedron, and Ti is at the center of an octahedron
(Fig. 1). This method was chosen because the macroscopic
properties of a ferroelectric system are mostly governed
by the spontaneous polarization (P) determined by the
relative shifts, plus the shift directions dictate the inherent
symmetry of the system [33–35,39,40]. To depict the
favored directions of δr⃗s, we projected the directions onto

FIG. 1. (a) A schematic of the perovskite-type structure.
(b) Pb2þ is at the A site and Ti4þ is at the B site with 12 and
6 oxygen neighbors, respectively. (c) A guide stereogram looking
down [001] for an ideal cubic crystal with the major pseudocubic
directions in the central part from which the symmetry corre-
spondence of the shift directions can be anticipated.

FIG. 2. (a) [001] stereographs with the projected directions of the relative cation displacements. Data from all 40 runs were combined
to increase the statistics. (b) Development of S parameter (see definition in the text) as a function of temperature. The average of cos2 θ at
different temperatures was calculated with the point-density values from the respective stereograph as weights. (c) Pseudocolor plots of
cos θ of Pb2þ with their respective unit-cell locations in one of the refined RMC configurations. (e) Stereographs (magnified around
[001]) with direction distributions of the [001] apical oxygen atoms of the octahedra. The remaining [010] and [100] stereograms of the
corresponding apical oxygen atoms are included in Fig. S9 of the Supplemental Material [31].
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stereographs as shown in Fig. 2(a), where the density
distributions of the points reflect the preferred displacement
directions of the cations with temperature. Clearly, both Pb
and Ti have well-defined tetragonal trends at 300 K which
progressively disperse at higher temperatures.
An orientational order parameter, defined as

S ¼ 1.5hcos2 θi − 0.5 ð1Þ

was calculated to quantify this behavior, where θ is the
angle between [001] (or [001̄]) and δr⃗, and lies within
0° ≤ θ ≤ 90°. For a perfectly ordered system S is 1, and S
becomes zero for a highly disordered state with respect to
the chosen direction. Therefore, the sequence of S values in
Fig. 2(b) demonstrates how the ordering of Pb and Ti
gradually dissipates with the rise of temperature albeit at
different rates. Nonetheless the development of S describ-
ing the stereographs reveals a hitherto undetected phe-
nomenon leading to the ferroelectric phase transition of
PT, which has been historically explained exclusively via
the homogenous deformation of the crystal. Evidently,
the paraelectric phase above TC is driven by an inherent
stochastic polarization instability—a microscopic statistical
mechanism—characterized by an ergodic state of local
dipoles with random magnitudes and relative orientation.
The evolving ergodicity is demonstrated in Fig. 2(d) where
we have mapped the values of cos θ (0° ≤ θ ≤ 180° w.r.t.
[001]) of the Pb displacements with their respective unit
cell location within one of the refined RMC configurations.
The spatial fluctuations of the colors within the boxes in
Fig. 2(d) reflect the extent of correlation between dipole
directions within the simulated crystal and suggest that the
local dipoles do not conform to any characteristic pattern
with the increase of temperature. In addition, Fig. 2(c) also
reminds us the well-known concept of the precursor effect
[41] where small polarized clusters increasingly combine in
a stochastic fashion on cooling to bring about the ferro-
electric ground state below TC.
It is important to note that the depicted features of Pb and

Ti in Fig. 2(a) are not a secondary phenomenon when
compared to the behavior of the oxygen atoms. In fact, the
local disorder of oxygen atoms remains almost unchanged
in temperature. This has been confirmed by extracting the
direction distributions of the apical oxygen atoms of the
octahedra with respect to their corresponding pseudocubic
axis in stereograms as shown in Fig. 2(d). Consequently,
the statistical cation displacements, including any order-
disorder event, are not driven by the configurational disorder
of oxygen atoms [19].
The temperature dependence of hjδr⃗ji, derived from the

RMC-refined configurations, together with the jδr⃗j, calcu-
lated from the Rietveld refinements of the neutron powder
diffraction, are shown in Fig. 3(a) which essentially depicts
the development of the unit-cell polarization with temper-
ature. Trends of shifts clearly indicate the fundamental

basis to classify PT as A-site-driven ferroelectric which
predominantly exhibits a displacive-type phase transition
(jδr⃗Pbj > jδr⃗Tij, ∀T and jδr⃗j is T dependent). However, the
atomic-level displacements are not zero at 900 K, meaning
local polarization persists in the paraelectric phase. This is
indeed the reason why we observe forbidden first-order
Raman scattering for PT above TC (Fig. S13 of the
Supplemental Material [31]). Moreover, hjδr⃗ji remains
almost constant in the range 700–900 K which suggests
that the onset of ferroelectricity in PT at the Curie point is
not caused by the formation of dipoles, instead, by an
ordering process of already existing dipoles. Or in other
words, the onset of paraelectricity above TC is not driven
by the vanishing spontaneous polarization, rather, it is a
consequence of losing the effective dipole-dipole correla-
tions. Hence, locally the structure does not behave in the
way expected from the macroscopic Landau-type displa-
cive behavior, where the assumed order parameter (P)
should be zero in the paraelectric state. Nonetheless the
Rietveld-refined structural model above TC does have
jδr⃗j ≈ 0 [see Fig. 3(a)] and jhδr⃗ij obtained from the
RMC models also tends to be zero in the cubic phase

FIG. 3. (a) Development of the mean displacements with
temperature. The histograms of the displacement magnitudes
are plotted in Fig. S7 of the Supplemental Material [31]. Cation
displacements from the Rietveld refinements of the powder
diffraction data were obtained assuming a tetragonal (P4mm)
unit cell throughout the temperature range. (b) Standard devia-
tions of the relative displacements derived from the PDF
analyses. (c) Displacement correlation function dij for different
combinations of cation pairs as functions of temperature and
neighbor distances.
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[see Fig. S8 of the Supplemental Material [31], in contrast
to hjδr⃗ji plotted in Fig. 2(a)].
On the whole, the temperature-induced ferroelectric

phase transition in PT can be calibrated by two ingredients:
(1) spontaneous dipole moments (jδr⃗j) and (2) inhomoge-
neities in dipole moments in terms of their relative
directions (parameter S) and values (σðjδr⃗jÞ. Evidently,
the second phenomenon succeeds the first on heating
around the transition temperature and suggests that the
so-called order-disorder dynamics sets in as a major
phenomenon in the vicinity of TC. In fact, this observation
corroborates the theoretically derived postulate by Mani
et al. [42] and several other speculations [10,11,14] that the
order-disorder mechanism appears only around the tran-
sition point. Evidently the mechanism of the order-disorder
phenomenon near the transition point essentially involves a
decoupling process of the local dipoles which ultimately
brings about the paraelectric phase above TC.
In order to substantiate this hypothesis and to gauge the

strength as well as the extent of the ferro- or antiferrodis-
tortive coupling within the system, we have calculated a
displacement-pair-correlation function dij as implemented
in the DISCUS package [30]

dij ¼ hxixji=ðhx2i ihx2jiÞ1=2: ð2Þ
Here, xi is the displacement of an atom on site i from the
average position in a given direction. A positive dij refers to
ferrodistortive correlations, whereas a negative value sug-
gests antiferrodistortive displacements, and a value around
zero signifies the absence of any appreciable correlations,
hence random displacements.
The pseudocolor representation of dijs in Fig. 3(c),

which were calculated along [001]—the macroscopic polar
direction of PT—considering all possible pairs of Pb-Pb,
Pb-Ti, and Ti-Ti, illustrates the development of the local
coupling in different pairs as functions of temperature and
neighbor distances. The dominant ferrodistortive coupling
among the cations and their extended presence in the range
300–500 K are evident. Clearly the strength and the extent
of the coupling for all pairs go down significantly around
700 K, and interestingly remain very similar up to 900 K.
This provides an important corollary that the order-disorder
mechanism in fact slackens the nonvisual dynamic corre-
lation among the dipoles, and ultimately gives rise to the
paraelectric phase with reduced coherence volume of the
switchable dipoles (see also Fig. S10 of the Supplemental
Material [31]).
In summary, we provide a novel perspective on the

temperature-induced structural phase transition of PT by
resolving the development of the atomistic disorder with
temperature. At the atomic level the ferroelectric phase
transition in PT is fundamentally a stochastic polarization
instability-driven phenomenon in which the material finally
loses the concerted ferroelectric coupling at TC. In other
words, the emergence of the ferroelectricity just below the

transition temperature can be seen as a consequence of
acquiring the minimum volume of coherent cluster.
Furthermore, in relation to the existing empirical concepts
of displacive and order-disorder-driven phase transition, we
have provided direct and quantitative evidence that PT
essentially exhibits characters of both displacive and order-
disorder mechanisms; however around the transition tem-
perature order disorder seems to be the driving mechanism
which transforms the interacting fluctuations to the non-
interacting fluctuations.
In general, it is very interesting to see how the phase

transition of a chemically unmodified ferroelectric system
can be wholly described by an evolving dielectric instability
characterized by parameters like S, jδr⃗j, and σðjδr⃗jÞ. Surely
this providesmuch fuller understanding on ferroic transitions
which would be helpful in establishing structure-property
relations for functional ferroelectrics. For instance, in the
light of similarities in pressure- and temperature- driven
ferroelectric-to-paraelectric phase transition in PT, including
the hypothesis that elastic stress or electric field can induce or
tune an MPB in PT and PT-based systems, analogous to a
composition-induced MPB [43–47], it is temping to assume
that the development of underlying atomistic disorder in all
cases could be of similar character. As a matter of fact, PT-
based solid solutions exhibit similar random polarization
instability at the MPBs (Fig. 4) [34–36] where they exhibit
anomalously high electromechanical properties in a similar
way toPTwhen it is close toTC. In addition, the development
of atomic vibrations on approaching TC or MPB is equally

FIG. 4. (a) Apparent similarities in the underlying atomistic
disorder seen in stereographs for different PT-based solid solutions
with the undoped PT at high temperature. The plots of the solid
solutions are redrawn from Refs. [35,36]. (b) Piezoelectric coef-
ficient d33 values of the solid solutions together with the S
parameter suggest that stochastic polarization instability in a
ferroelectric system is favorable for better piezoelectric properties.
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comparable considering the softening of the A − BO3 trans-
lation phonon mode (Fig. 5), which indicates that the
atomistic origin of theMPB properties in PT-based materials
is rooted at the high-temperature behavior of the cations,
which is virtually mimicked at room temperature by chemi-
cal tuning.Hence,we propose that the stochastic polarization
instability together with the effective length of interaction in
a ferroelectric crystal could be potentially used as a generic
fingerprint for phase transitions, and in particular, to predict
where elevated physical properties will arise.
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